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ABSTRACT: Oxidation and reduction cycles are used in the regeneration of nanoparticle catalysts that have deactivated 
due to sintering and poisoning. We examine the case of nickel oxidation and reduction on the regeneration of the small-
est end of the particle size distribution via in-situ high angle annular dark field environmental scanning transmission 
electron microscopy (HAADF-ESTEM). Cycling the Ni/NiO system through successive redox cycles shows that the parti-
cles retain the same general size distributions even though Ostwald ripening and particle migration and coalescence is 
occurring. The regeneration of the smallest nanoparticle sizes which disappear due to sintering processes occurs by the 
ejection of small (2-3 nm) nickel particles during the reduction of the hollow nickel oxide nanostructures. The nickel na-
noparticles above ~3.5 nm in size, form hollow polycrystalline nickel oxide upon oxidation. Upon reduction, the grains 
making up the shell of the hollow nickel oxide reduce separately at the grains surface and at the grain boundaries be-
tween the polycrystalline grains. The contraction in particle size upon reduction destabilizes the hollow nanostructure 
and causes the particle to rearrange and collapse. As this process occurs, some parts of the particle are ejected from the 
reducing particle and form small particles of nickel, which regenerate the smallest parts of the size distribution. Once the 
particle collapses, the nickel rearranges reforming solid nickel nanoparticles enclosed by their low index facets.  
Nanoparticle catalysts have been shown to have nu-
merous advantages over their bulk counterparts due to 
their high surface to volume ratios and size dependent 
properties.1 The major limitations for industrial nanopar-
ticle catalysts are deactivation mechanisms, such as sin-
tering, which leads to increases in particle size and loss of 
crystal facets.2 One of the main mechanisms that causes 
loss of catalytic efficiency is Ostwald ripening, where 
larger particles grow at the expense of smaller particles 
via atom migration.2-4 The other main mechanism is par-
ticle migration and coalescence.2 Several methods have 
been employed to try and limit Ostwald ripening, includ-
ing tailoring the particle support interaction5 and mini-
mizing the size distribution of the initial nanoparticle 
sample.6 Additionally particle regeneration can be em-
ployed through particle redispersion to regenerate highly 
active nanoparticles with small particle sizes.7-9 One 
method that has proven promising is using oxidation and 
reduction cycles to re-disperse the nanoparticles and form 
small catalytically active particles.9-12 Oxidation and re-
duction cycles can also be used to regenerate poisoned 
catalysts by oxidizing the poisoning agent, such as remov-
ing sulfidation in nickel catalysts.13 
However, the mechanisms of regeneration are still 
poorly understood as detailed mechanistic data on nano-
particle oxidation and reduction is limited. One method 
that is increasingly utilized for studying how nanoparticle 
catalysts behave under simulated reaction conditions is 
in-situ electron microscopy. In-situ electron microscopy 
studies of nanoparticles under reaction conditions was 
pioneered with the development of the atomic resolution 
environmental transmission electron microscope 
(ETEM)14 and specialised sample stages that allow for 
heating in gas environments.15-18 Early work showed how 
the loss of catalytic activity occurred due to Ostwald rip-
ening and particle migration and coalescence of nanopar-
ticles, and the speed of these processes was influenced by 
the temperature19-21 and the gas environment.4, 21-23 In-situ 
studies have also shown that the exposed facets of the 
nanocrystals are modified by the reaction conditions and 
gases used.24-26 Recently high angle annular dark field 
environmental scanning transmission electron microsco-
py (HAADF-ESTEM) was implemented to study oxidation 
and reduction through the changes in the density of the 
material (Z-contrast) during oxidation.27  
Of particular interest are highly catalytic and chemical-
ly reactive systems such as nickel. Due to the materials 
susceptibility to oxidation it has been shown that a native 
oxide layerwill be present in synthesized nanoparticles28-29  
and further oxidation occurs at elevated temperatures.30-31 
Furthermore, full oxidation of nickel nanoparticles occurs 
via differential diffusion and leads to hollowing of the 
nanoparticles and the formation of polycrystalline hollow 
nickel oxide.32 Tracy et al. have shown that Ni nanoparti-
cles from 9 Ȃ 96 nm in size undergo hollowing in the for-
mation of the NiO nanostructures which then could be 
reduced back to similar sized solid Ni nanoparticles.33-34 
Under reaction conditions, such as for the Steam refor-
 mation reaction, Ni nanoparticles were observed to rapid-
ly undergo Ostwald ripening, where the largest nanopar-
ticles grew at the expense of the smallest.30  
We study the oxidation of Ni nanoparticles to hollow 
NiO and their reduction to solid Ni nanoparticles via 
ESTEM, showing their sintering and regeneration during 
these cycles. Oxygen and hydrogen environments pro-
mote sintering mechanisms such as Ostwald ripening and 
particle migration and coalescence, while the oxidation 
and reduction cycles cause the regeneration of the nano-
particles and the formation of small solid Ni particles dur-
ing the reduction of the hollow NiO nanostructures. The 
reduction mechanism is studied in detail elucidating how 
the reduction mechanism occurs at the surface of the 
grains and the grain boundaries making up the polycrys-
talline hollow NiO nanostructures. 
EXPERIMENTAL METHODS 
The model samples were all prepared by magnetron 
sputtering nickel nanoparticles from a nickel target 
(99.95% from Testbourne Ltd) using a JEOL JFC-2300HR 
fine-coater by sputtering 0.7 nm Ni at 80 mA. The nano-
particles were deposited onto an amorphous SiNx mem-
brane supported by a Wildfire MEMS chip made by DENS 
Solutions for in-situ heating. The initial sputtered Ni na-
noparticles were then reduced at 500 °C in hydrogen be-
fore experiments were carried out to generate oxide free 
nickel.27 This was considered to be the starting point of 
the experiments.  
The in-situ analysis was carried out on a double aberra-
tion-corrected Environmental (Scanning) Transmission 
Electron Microscope (AC-E(S)TEM) JEOL 2200FS modi-
fied in-house by Boyes and Gai,35-36 operating at 200 kV. 
The temperature was controlled with a MEMS heating 
stage from DENS Solutions. For the in-situ studies, the 
gas was introduced into the ESTEM with a pressure of 2 
Pa at the sample. For the oxidation, oxygen gas (99.999% 
from BOC UK) was used. For the reduction, hydrogen gas 
(99.9995% from BOC UK) was used. The images were 
1024×1024, with a pixel dw ? ?Ǥ ?ɑǤ
were only exposed to the electron beam during data setup 
and acquisition. To minimize beam effects, calibration 
procedures were employed,27, 36 and the images were 
compared to oxidation and reduction series carried out 
without exposing the particles to the beam. 
RESULTS AND DISCUSSION 
A single cycle of oxidation and reduction of the nickel 
was studied, starting with Ni metal, then creating hollow 
NiO and regenerating the Ni metal. The same area of na-
noparticles was imaged once every 30 minutes. The initial 
nanoparticles formed after the hydrogen reduction at 500 
°C for 30 minutes were Ni nanoparticles with a size distri-
bution of 9 ± 6 nm in diameter (Figure 1 A and B). Upon 
introduction of oxygen at 300 °C for 30 minutes the nano-
particles increased in size to 10 ± 6 nm. The particles had 
an oxide shell of 2.8 ± 0.7 nm, with voids of 3.6 ± 1.5 nm 
occurring between the nickel core and the nickel oxide 
shell. After the particles were exposed to oxygen at 500 °C 
for 30 minutes the nanoparticles increased in size to 11 ± 6 
nm. This was accompanied by the formation of a single 
major hollow in the particles core (or multiple hollows in 
the biggest particles) of 6.5 ± 2.9 nm (Figure 1 B). The 
shell thickness of the particles increased to 4.6 ± 1.3 nm. 
Hollowing was witnessed in most particles and was no 
Figure 1. In-situ HAADF-ESTEM images of a single area of nanoparticles after 30 minutes at 500 °C in hydrogen, 300 °C in 
oxygen, 500 °C in oxygen, and 500 °C in hydrogen. B) Size distributions of the same area show the particle size in blue 
and the size of the hollows in red. The insets of B) show a zoom in of an area in A) with the particles coloured blue and 
the hollows coloured in red. 
 longer seen below 3.5 nm in size with the smallest parti-
cles, 4 ± 2 nm, being solid (Figure S1). During oxidation 
the hollowing was witnessed to occur from the formation 
of surface voids or a single void from one side of the par-
ticle at 300°C, which became a single central hollow at 
500°C. Upon reduction, the particles were roughly spheri-
cal Ni with an average size of 8 ± 4 nm.  
During the oxidation of the nanoparticles it can be seen 
that certain particles oxide layers fuse with nearest neigh-
bours (Figure 1 and Figure S2). When the nanoparticles 
are reduced the fused nanoparticles do not separate and 
form a single particle (Figure 1 and Figure S2). Particles 
are also seen to migrate together and fuse during reduc-
tion (Figure S3). At the same time the particles that are 
reformed are more symmetrical then the initially formed 
Ni nanoparticles leading to a reduction of the largest di-
ameters in the tail of the size distribution. These process-
es would occur in multiple ways. During the oxidation 
and reduction, significant rearrangement is observed to 
occur as well as fusion of particles which would lead the 
particles to adopt their low energy configurations, as well 
as to reduce the number of particles present. Ostwald 
ripening was observed to be occurring while the particles 
were in a hydrogen atmosphere at these temperatures 
(Figure S4).  
 
 
Figure 2. Time resolved radially averaged in-situ electron 
diffraction during the reaction, at 10 minute intervals. The 
(111) and (200) peaks of NiO are shown in purple, and the (111) 
and (200) peak of Ni in red. 
 
The particles were reduced initially in hydrogen form-
ing fcc Ni, as shown by the electron diffraction (Figure 2). 
Oxygen was introduced at 300°C. Oxidation is evident in 
STEM27 with thin oxide shells and voids between the shell 
and the core. The diffraction, however, shows the parti-
cles are still predominantly Ni at 300°C under oxygen, 
indicating that the cores are still nickel and are dominat-
ing the diffraction signal. At 500°C in oxygen the particles 
quickly oxidize to NiO, as they fully hollow out. Once the 
hydrogen is re-introduced, the nanoparticles were re-
duced to Ni metal, with the nickel signal dominating 
within 10 minutes of the hydrogen being introduced at 
500°C. 
To understand the redox cycling of the Ni nanoparticles 
the experiment was repeated with a Ni sample of a small-
er size distribution of 5 ± 2 nm. The reduction and oxida-
tion was carried out 6 times, each for 30 minutes in hy-
drogen or oxygen. The initial size distribution of the na-
noparticles was observed to increase from the first to the 
second cycle of reduction (5 ± 2 nm to 7 ± 3 nm) and oxi-
dation (8 ± 3 nm to 10 ± 5 nm); and then the particles size 
plateaued (Figure 3). For the case of the reduced particles 
after the initial oxidation and reduction the size and size 
distribution remained constant, ending at 7 ± 3 nm in size 
after 6 cycles. For the oxidized particles the size distribu-
tion was observed to decrease over the cycles, finishing at 
9 ± 3 nm (Figure 3). 
 
 
Figure 3. Nanoparticle size distributions showing their aver-
age size (square) and standard deviations of their size (error 
bars) across multiple reduction and oxidation experiments of 
a single sample.  
 
During the redox reactions, the particles are seen in 
two distinct forms, solid Ni nanoparticles enclosed by low 
index facets, and hollow NiO nanoparticles. The hollow 
NiO contains obvious grain boundaries between the dif-
ferent grains in the polycrystalline shell (white arrows in 
Figure 4 A). After reduction of the nanoparticles, the sol-
 id Ni particles are bound by their low index facets (Figure 
4 B and the FFT inset). The regenerated particles can be 
reformed as single crystals (Figure 4 B), indicating a large 
degree of rearrangement accompanying the reduction. 
 
 
Figure 4. High resolution HAADF-ESTEM images of A) hol-
low NiO nanoparticle and B) a solid Ni nanoparticle after 
reduction again. The white arrows indicate some of the grain 
boundaries in the hollow NiO. The inset of the FFT in B) 
indicates that the particle is viewed down the [110] zone axis 
and enclosed by low index facets.  
 
To study how the reduction occurs, the same area was 
followed during the reduction process (Figure 5). It is 
interesting to note that the reduction occurs at different 
rates based on the individual particles. For particle 4 the 
reduction occurs by the time the temperature reaches 
500°C.  The other particles reduce after reaching 500°C 
with particle 1 taking ~5 minutes after being elevated to 
500°C, particle 2 taking ~13 minutes and particle 3 taking 
~7.5 minutes. The difference in the reduction rate cannot 
be explained by particle size as although particle 4 which 
is the smallest is reduced the fastest, the second fastest is 
particle 1 which is the largest. It is more relevant to look 
at the reduction in terms of the size of the grains and the 
density of grain boundaries making up the polycrystalline 
hollow NiO nanoparticle. Once the domains start to re-
duce, the particles rapidly rearrange to form a single Ni 
nanoparticle. The period between onset of noticeable re-
arrangement to form Ni nanoparticles ranged from under 
1 minute for particle 4, to 13 minutes for particle 2.  When 
the reduction was carried out at 400°C for 30 minutes, 
reduction was seen to occur; but only with a fraction of 
the particles, and once the temperature was increased to 
500°C the rest of the particles were completely reduced 
(Figure S5). Images taken where the reflections of NiO 
and Ni are observable shows that the initial structure is 
NiO, and the final structure is Ni (Figure S6)  
 
 
Figure 5. HAADF-ESTEM images of the in-situ reduction of 
hollow NiO nanoparticles in 2 Pa hydrogen starting at 300°C 
and then occurring at 500°C for 30 minutes. Individual parti-
cles are numbered in red. 
  
To study the intensity changes during reduction, parti-
cle 2 was magnified and the images were colorized (Fig-
ure 6). The particle was chosen as obvious changes in the 
intensity in the shell occurs during reduction. These 
changes in intensity would be due to the formation of a 
Ni rich or pure Ni phase and the start of the oxide reduc-
tion. At 300°C in hydrogen no change is seen from the as 
oxidised sample, by 470 °C the centre of the grain bound-
ary has lost its intensity (shown by the white arrow). The 
intensity at the grain boundaries continues to drop as the 
NiO grains contract (1 to 7.5 minutes, white arrows) and 
intensity builds up next to the grain boundary (3 to 7.5 
minutes, white intensity in the thermal colour scheme). 
These bright regions occur at the edges of the disappear-
ing grain boundaries in the hollow NiO particle, and indi-
cate that the Ni atoms nucleate near the edge of the grain 
boundaries in the NiO where the reduction occurs. As the 
grains reduce, they shrink causing the shell to become 
unstable. The reduced grains then coalesce at the local 
center of mass (shown by black arrows in Figure 6, 7.5 
minutes and 10 minutes). Finally, the particle rearranges 
to form a central roughly spherical nanoparticle. After 13 
minutes the reduction has occurred fully. It is observed 
that as the particles reform, smaller nanoparticles are 
ejected from the reducing shell forming particles of 3 nm 
and of 2 nm, around the parent particle (as shown by the 
red arrows). 
 
 
Figure 6. In-situ HAADF-ESTEM images of the reduction of 
a single particle of NiO in 2 Pa hydrogen, with thermal col-
ours applied to show the changes in intensity with time more 
clearly. White arrows point out where breaks occur in the 
shell of the nanoparticle, and the red arrows point out small 
particles that break away from the nanoparticle and the 
black arrows show the movement of the grains during the 
reduction. All scale bars are 5 nm.  
 
The initial NiO structures are shown to be polycrystal-
line with the individual grains of NiO outlined by dashed 
red, green, blue and yellow lines (Figure 7). As the reduc-
tion proceeds, the initial reduction occurs at the grain 
boundaries with the contraction of the reducing NiO 
causing the grain boundary to open completely by 0.5 
minutes at 500°C (Figure 7, white arrow). After this the 
individual grains (as noted by the dashed lines) shrink 
and rearrange separately. First the grain boundary breaks 
and the green grain reduces in size until it becomes indis-
tinguishable from the blue grain by 3.5 minutes. Then the 
yellow grain is seen to shrink, and then merge with the 
blue grain by 15 minutes. The red grain shrinks until by 15 
minutes there is a solid nickel grain denoted by the blue 
lines with a mostly reduced grain denoted by the red 
lines. These two grains are still separated by the initial 
crystallographic grain boundary that was seen in the pol-
ycrystalline NiO shell at 300°C (as shown by the red and 
blue dashed lines). By 15.5 minutes the red grain rear-
ranges and fuses with the larger blue grain to form a sin-
gle faceted particle of Ni. It should be noted, as the hol-
low NiO is a 3-dimensional structure, additional grains 
that are not directly observed would also be present and 
rearranging. 
 
 
Figure 7. High resolution in-situ HAADF-ESTEM images of 
the reduction of a single particle of NiO in 2 Pa hydrogen. 
The guides in yellow, green, blue and red define individual 
grains in the polycrystalline shell/ major areas in the reduc-
tion process. The white arrow points to a grain boundary that 
opens during the reduction. 
 
In this redox study we show that the particle size of the 
Ni and NiO nanoparticles remain relatively constant even 
though sintering occurs during oxidation and reduction. 
The oxidation occurs by differential diffusion where the 
diffusion rate of the nickel is much greater then the diffu-
sion of the oxygen.32, 34 The oxidation starts by forming 
 surface voids as the faster diffusing Ni diffuses outwards 
and the NiO causes a large lattice expansion of the crystal 
structure. The expansion causes defect formation, the 
formation of voids, and the formation of separate grains 
of NiO.37-38 The vacancies, formed from the outward diffu-
sion of the Ni cations and the lattice expansion caused by 
the oxidation, diffuses inwards and coalesce to form a 
single hollow.37 The regeneration of the average particle 
size occurs as small particles are formed during reduction. 
The reduction occurs at the domain interfaces in the pol-
ycrystalline shell, with the nucleation of Ni atoms at the 
grain boundary. As the reduction proceeds there is a loss 
in nanoparticle size due to the ~17% contraction in lattice 
parameter, destabilizing the shell structure. As the parti-
cle domains contract, the shell becomes structurally un-
stable due to its three-dimensional nature and collapses. 
This unstable shell gives rise to the formation of the 
smallest sizes of Ni nanoparticles, which are ejected dur-
ing collapse of the hollow NiO. At 500°C, the particles 
have enough energy to rearrange and remove defect 
structures that form from reducing a polycrystalline shell 
structure. In this way, low energy faceted nickel nanopar-
ticles are reformed. 
Particle disintegration upon reduction is common,39 as 
there is a large difference in lattice parameter between 
the oxidized and reduced species.40 The reduction of hol-
low oxide nanoparticles has been observed previously to 
regenerate cobalt catalysts.10 Particle rearrangement and 
reformation occurs during the experiment, and indicates 
that the reduced Ni0 atoms are mobile on the particles 
surface at these temperatures (500°C), allowing them to 
rearrange and reform spherical faceted Ni particles. This 
is consistent with previous studies reporting high Ni0 mo-
bility.41  
The different rates of reduction and particle collapse 
observed in this study are in-line with previous studies 
that show an induction period before reduction begins, 
and then an autocatalytic reaction occurs where the re-
duction rate increases as the size of the nickel cluster in-
creases.41-43 The induction period has also been postulated 
to occur due to the slow initial generation of O vacancies 
in the NiO structure, creating a more reactive surface for 
hydrogen splitting.44 This could explain the different re-
duction speeds as the different NiO particles would have 
different densities of defects in their structure, leading to 
a different number of oxygen vacancies. 
CONCLUSIONS 
We have shown the recyclability of nickel nanoparticles 
and the renewal of their size distributions based upon the 
reduction mechanism of hollow NiO nanoparticles to 
solid Ni nanoparticles. The NiO is observed to reduce 
from the grain boundaries between the polycrystalline 
grains, until the structure becomes unstable and rapidly 
collapses and fuses together to form single solid particles. 
The reduction of the NiO is seen to occur at different 
rates and start at different times over the course of ap-
proximately 30 minutes at 500 °C under 2 Pa hydrogen. 
The difference in the reduction times is in line with litera-
ture reports of NiO having an induction period followed 
by autocatalytic reduction. During the reduction, some of 
the NiO domains release small amounts of Ni, which 
leads to the regeneration of the smaller particle sizes 
which are seen to be consumed during the redox cycles by 
Ostwald ripening and particle fusion. 
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